Artificial bones have often used for bone regeneration due to their strength, but they cannot provide an adequate environment for cell penetration and settlement. We therefore attempted to explore various materials that may allow the cells to penetrate and engraft in bone defects. PuraMatrix TM is a self-assembling peptide scaffold that produces a nanoscale environment allowing both cellular penetration and engraftment. The objective of this study was to investigate the effect of PuraMatrix TM on bone regeneration in a mouse bone defect model of the calvaria. Matrigel TM was used as a control. The expression of bone-related genes (alkaline phosphatase, Runx2, and Osterix) in the PuraMatrix TM -injected bone defects was stronger than that in the Matrigel TM -injected defects. Soft X-ray radiographs revealed that bony bridges were clearly observed in the defects treated with PuraMatrix TM , but not in the Matrigel TM -treated defects. Notably, PuraMatrix TM treatment induced mature bone tissue while showing cortical bone medullary cavities. The area of newly formed bones at the site of the bone defects was 1.38-fold larger for PuraMatrix TM than Matrigel TM . The strength of the regenerated bone was 1.72-fold higher for PuraMatrix TM (146.0 g) than for Matrigel TM (84.7 g). The present study demonstrated that PuraMatrix TM injection favorably induced functional bone regeneration.
INTRODUCTION
. For these reasons, allograft or artificial bone is used as an alternative material. In Japan, artificial bones in various kinds of materials are generally used because In clinical therapy in orthopedics for tumors, traumas, and spinal diseases, bone grafting is often performed to people still have difficulty in accepting the idea of using allografts (19) . The frequently used materials for artififill bone defects and promote bone regeneration (24, 29) . In bone grafts, it is essential that grafted bone be intecial bone are hydroxyapatite, calcium phosphate, and other ceramics, which provide high strength but do not grated into the host bone without rejection in order to have sufficient strength, while also playing a role as a induce bone formation on their own (4) . Products from different materials and with different porosities are thus carrier or a scaffold for cells to grow on, in order to prevent scar formation and to promote bone regeneraavailable to meet various needs. Considering the role as a carrier to promote bone retion. An autograft, which has the properties described above in a well-balanced manner, represents the best generation alone, these materials and their internal structures hardly provide a particularly favorable environsource of bone graft. There is, however, only a limited amount of autograft available. In addition, bone harvest ment for cell survival and bone regeneration. While cells and microenvironments are measured on the nanoscale, is invasive and often associated with many problems 904 MISAWA ET AL.
the internal environments of these materials are on the Construction of the Bone Defect in the Calvaria in SCID Mice microscale, which is therefore too large to serve as an extracellular matrix.
The bone defect of the calvaria was made in SCID If we do not expect strength from grafted bone, any mice, as previously described (1) . Briefly, under the materials that only promote cell differentiation and funcgeneral anesthesia, the scalp was opened sharply, transtion can be used to fill bone defects. Various kinds of versely to midline to expose the calvaria. Periosteal tisextracellular matrix components such as laminin, gelasue over the parietal bone was removed. Two calvarial tin, and collagen are used to promote cell differentiation defects measuring 3 mm in diameter were made in both and function (8, 28) . These components provide a microthe parietal bones with a diamond-bit H-282 (Sunflex environment, allowing more physiological three-dimenCo., Ltd., Osaka, Japan) revolving by Joy-Robo H-027 sional culture. Matrigel TM , which contains not only ex-(Sunflex Co., Ltd.). The bone defects were washed with tracellular matrix components such as laminin and IV saline (Otsuka Pharmaceutical Factory, Inc., Tokushima, collagen but also epidermal growth factor (EGF), plateJapan) to remove any bone powder and blood, and then let-derived growth factor (PDGF), and other growth fac-10 µl of 1% PuraMatrix TM (kindly provided by 3-DMators, is widely used in cell culture and transplantation trix Japan Ltd., Tokyo, Japan), Matrigel TM (BD Biosci-(17). Despite reports on the usefulness of these materiences, San Jose, CA), or saline was injected into the als, there is a major drawback related to the fact that defects and then the animals were maintained for 28 they are animal derived. Particularly in association with days. the clinical use of animal-derived materials, there are some concerns that they may not have a uniform quality, Gene Expression Analyses that foreign substances may be contaminated, and that zoonotic infection may occur.
At 14 days after the saline, Matrigel TM , or PuraMatrix TM injection, total RNAs were extracted from tissue speciAs a substitute for these materials, we considered the use of PuraMatrix TM , a synthetic peptide consisting of a mens at the site of the bone defects of the calvaria of the SCID mice using RNA Trizol (Invitrogen, Carlsbad, 16-amino acid sequence (AcN-RADARADARADAR ADA-CNH2). The RAD (arginine-alanine-aspartate) CA) according to the manufacturer's protocol. All procedures were performed with i-cyclor (Bio-Rad, Tokyo, repeats in PuraMatrix TM are similar to the ubiquitous integrin receptor binding site RGD (arginine-glycineJapan), as previously reported (22). Briefly, 1.0 µg of total RNA was transcripted with River-Tra Ace (Toyaspartate) sequence, the integrin binding site. While it is not known if these RAD repeats behave similarly to obo, Tokyo, Japan), Oligo(dT) 20, RNase inhibitor, 5× RT buffer, and dNTP mixture. Reverse transcription RGD sequence, they have been studied in the context of cell attachment across a number of cell lines (11, 32) .
(RT)-PCR was performed at 22°C for 10 min and then at 42°C for 20 min using 1.0 µg of RNA per reaction, PuraMatrix TM self-assembles in the presence of cation to form beta-sheet polymers, and to form hydrogel containto ensure that the amount of cDNA amplified was proportional to the mRNA present in the original samples ing ≥ 99% water. The fiber and pore sizes of PuraMatrix TM are <10 nm and 5-200 nm, respectively, which are simias previously reported using specific primers. cDNA was amplified with TaKaRa Taq (TaKaRa, Ootsu, Jalar to those of the in vivo extracellular matrix (32) (33) (34) (35) . There have been reports on the usefulness of PuraMapan) according to the manufacturer's protocol. The PCR products were separated on 2% agarose gel containing trix TM in cultured cells such as the nerve (7, 11, 26) , cartilage (14-16), liver (27), cardiomyocyte (6, 20) , and vasethidium bromide.
The following specific primers were used: alkaline cular endothelial cells (6, 9, 20, 21) .
We herein report the usefulness of PuraMatrix TM in phosphatase (ALP, NM007431): sense strand: 5′-catga agcagtggagatgga-3′, antisense strand: 5′-aaaacgtgggaat bone regeneration when it is used to fill in bone defects of the calvaria.
gatcagc-3′; runt related transcription factor 2 (Runx2, NM009820): sense strand: 5′-gccgggaatgatgagaacta-3′,
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antisense strand: 5′-ggaccgtccactgtcacttt-3′; Osterix Animal Experiments (AF184902): sense strand: 5′-actggctaggtggtggtcag-3′, antisense strand: 5′-ggtagggagctgggttaagg-3′; β-actin Eight-week-old female Balb/c severe combined immunodeficiency (SCID) mice (Nippon CLEA, Tokyo, (X03672): sense strand: 5′-gatctggcaccacaccttct-3′, antisense strand: 5′-ggggtgttgaaggtctcaaa-3′. After hybridJapan) were used for all transplantation procedures. All procedures performed on the animals were approved by ization with labeled probes, the hybridized bands were detected by radiography. The PCR products were rethe Okayama University Institutional Animal Care and Use Committee, and thus were within the guidelines for solved on 1% agarose gels and visualized by ethidium bromide staining. Mouse β-actin served as an internal the humane care of laboratory animals. Soft X-ray radiograph showed the most favorable both the area and length of the newly formed bones. The bone healing at the site of bone defects of calvaria 28 area of the newly formed bones was measured using an days after PuraMatrix TM treatment. The bone defect treated Image J (10) and the length of the bone defects and the with PuraMatrix TM was uniformly filled with the newly newly formed bones were measured, respectively, and formed bone ( Fig. 2A) , in which the density was higher ratios of the newly formed bones to the bone defects than those with Matrigel TM (Fig. 2B) . Little bone healing (bridging ratio) was comparatively calculated. Ten difwas observed at the saline-injected site ( Fig. 2A, B) . ferent sections were examined in each group.
Histological Findings Evaluation of the Strength of Regenerated Bone
H&E staining showed that newly formed bone was To determine the strength of regenerated bone, the observed not only around the margin and along the intrapenetration test was performed on specimens collected cranial periosteum, but also in the center of the bone 28 days after transplantation using the Master Scale defects treated with PuraMatrix TM . The regenerated tis-BJ3100 (Sartorius AG, Göttingen, Germany) with the sue possessed medullary cavities inside of the cortical diamond bit H296 (Sunflex Co., Ltd.) mounted vertibones, thus indicating the regeneration of the mature cally. The tip of the diamond bit was adjusted so as to bone tissue (Fig. 3A) . In contrast, bone regeneration was be positioned in the center of the bone defect vertically. occurred around the margin and along the intraclanial A load was then applied slowly to obtain the peak value. periosteum in the bone defects treated with Matrigel
TM
The strength of the normal calvaria was measured at the ( Fig. 3B ) and only immature bone tissue was generated center of the parietal bone. Measurements were made in in the center of the defect. Bone regeneration was octhree specimens each from the different groups.
curred only around the margin of the bone defect with saline injection (Fig. 3C) The areas of newly formed bone were comparatively of Calvaria evaluated and are shown in Fig. 3D . In comparison to the saline injection group, the area of regenerated bones Total RNAs were extracted from the tissues at the site of bone defects of calvaria 14 days after transplantawas 1.97 ± 0.66-fold larger for PuraMatrix TM , and 8.7 ± 4.7 g for saline, respectively (Fig. 4) . The regenerated bones formed bones to that of the bone defects, were then comparatively measured. The ratios were 91. 
DISCUSSION

PuraMatrix TM Generated the Most Favorable Strength of the Regenerated Bones
The mouse bone defect model used in our research was produced by removing hard tissue alone from outThe forces required for the diamond bit to penetrate the regenerated bones were 146.0 ± 27.6 g for Pura side of the calvaria, with the intracranial periosteum pre- served. It is well recognized that the periosteum itself fold. For the construction of a bone defect model in mice, we made a hole measuring 3 mm in diameter in has the ability to induce bone formation (12) . In the mouse models, the peripheral margins of the defects and the calvaria, as previously reported (1). As control experiments for PuraMatrix TM , we utilized Matrigel TM and the intracranial periosteum possess the ability to induce bone formation. Therefore, the newly formed bones saline injection. Matrigel TM is a soluble component of basement membrane extracted from the Engelbrethhave been mainly observed around the margins of the bone defects and the intracranial periosteum. To address Hom-Swarm mouse tumor. It contains extracellular matrices, including laminin, IV collagen, and entactin, and the problem, researchers have focused on the use of various types of biomaterials to facilitate bone regeneration growth factors such as EGF, PDGF, insulin-like growth factor (IGF), and transforming growth factor-β (TGFin the center of the bone defects. Artificial bones composed of hydroxyapatite or calcium phosphate have of-β). The molecules are well known to promote osteoblast differentiation (2, 5, 13, 18, 23, 30, 31) . ten been utilized for bone defect reinforcement, but these materials do not sufficiently allow cells to peneIn the saline-injected group, bone formation was observed only around the peripheral margins of the bone trate and settle deeply inside of the bone defects (4) .
As a result, we have recently focused on the use of defects of the calvaria, but no newly developed bony bridge ever appeared. The newly developed bones inPuraMatrix TM , a self-assembling synthetic peptide scaf- The peak values for the penetrating force in the center of defects were comparatively measured using a diamond bit at 28 days. The regenerated bone induced by PuraMatrix TM injection was the strongest, which was relevant to 40.1% of that of normal parietal bone.
duced by the injection of Matrigel TM were thin because of bone defect in conjunction with other nonbiological and/or biological materials. It has been reported that the of the absence of medullary cavities, thus suggesting that the tissue was immature. On the other hand, the combination of PuraMatrix TM and polyHIPE polymer resulted in both favorable osteoblast adhesion and bone injection of PuraMatrix TM facilitated the regeneration of the mature bone tissues, which were thick cortical bones formation (3). When using PuraMatrix TM as a source for bone regenwith the presence of medullary cavities. The PuraMatrix TM -regnerated bone tissue was strong enough to tolerate the eration instead of ceramic artificial bones, its strength should be considered. In our strength test using a diapenetration of a diamond bit in the strength test (Fig. 4) . In addition, in the gene expression profiles of the bonemond bit, strength of the newly regenerated bones after PuraMatrix TM treatment was 40% of that of the normal related molecules, the injection of PuraMatrix TM into the bone defects of calvaria revealed a more efficient exprescalvaria, thus suggesting the necessity of cellular supplementation toward the goal of earlier and more definite sion of ALP, Runx2, and Osterix than that of Matrigel TM . The effect of PuraMatrix TM and Matrigel TM on tissue bone regeneration even in an environment where it is difficult for bone to regenerate. As such cell sources, we repair was comparatively examined in a myocardial injury model of mice (6) . The invasion of vascular endoare now investigating the methods for the differentiation of embryonic stem cells to osteoblasts and/or mesenchythelial cells into the infracted area followed by the regeneration of myocardial tissues was observed only in mal stem cells. PuraMatrix TM is a chemically synthesized product the PuraMatrix TM -injected mice. Because a blood supply is essential for tissue regeneration, it is likely that Pura without any risk of microbial transmission. PuraMatrix TM can serve as an excellent scaffold to promote the differMatrix TM promotes angiogenesis and engraftment of the vascular endothelial cells and mesenchymal stem cells, entiation and function of many types of the cells (6, 7, 9, (14) (15) (16) 20, 21, 26, 27, 35) . So far, no complications, such thus resulting in the provision of a favorable environment for bone regeneration in the present study (6) .
as rejection or embolization, have been observed in Pura Matrix TM treatment (7) . One of the problems with the use of ceramic artificial bones in bone defects is that vascular endothelial cells
In conclusion, we obtained a favorable effect of Pura Matrix TM on bone regeneration not only in histological and mesenchymal stem cells are not able to penetrate the ceramic materials or to settle deeply into the artifievaluations but also in biomechanical evaluations. Pura Matrix TM is therefore considered to be a useful tool in cial bones. In contrast, PuraMatrix TM can be provided as a liquid material and thus it can be injected into any type the field of orthopedics.
